Local cattle breeds continue to decline in numbers partly due to the use of high performing breeds in advanced production systems where genetic material of elite animals is widely spread. The objective of this study was to assess the within and across breed genetic diversity of the Angler and Red-andWhite dual-purpose (DP) cattle breeds applying different inbreeding concepts. Classical and ancestral inbreeding coefficients were computed from pedigree data using the gene dropping method. Effective population size was calculated based on the increase of classical inbreeding, and based on ancestral inbreeding to obtain what was termed as ancestral effective population size. Furthermore, the effective number of founders and ancestors were computed to assess the disequilibrium of founder contribution in the reference populations. The analyses were performed separately for each breed and for a combined dataset. The Angler pedigree was more complete (88%) in the first parental generation but completeness declined with increasing pedigree depth. Average classical inbreeding coefficients of inbred individuals were 2.19%, 1.94% and 2.07%, while average Ballou's ancestral inbreeding coefficients were 3.69%, 1.39% and 2.21% for the Angler, Red-and-White DP and the combined breed pedigree analyses, respectively. Ancestral history coefficient is a novel coefficient and its estimates were similar and strongly correlated to Ballou's coefficients (r = 0.99, p < 0.001). The effective population size estimates ranged from 156 to 170 for the classical inbreeding based method, and as low as from 50 to 54 for the ancestral history coefficient based method. The effective number of founders and ancestors ranged from 310 to 532, and 
Introduction
Angler (RVA) and Red-and-White DP (RDN) cattle are local breeds of German origin. Both breeds have small populations predominantly found in the Northern part of the country. Planned breeding of RVA dates back to 1838, however, the organisation of a central herdbook and official milk recording began in 1879 and 1902, respectively [1] . The RVA breed has been used to improve many local red breeds of central and eastern European countries as well as in the Baltic countries [2] , [3] . Lactation yield of RVA cows is about 7500 kg with approximately 3.5% protein and 5% fat. Systemic breeding of RDN cattle on the other hand started in 1885 and from 1992, a pedigree of the breed typically has a maximum of 25% Red Holstein genes [4] . To maintain large populations for bull testing, there were exchanges of bulls between the RDN population in Germany and the Meuse-Rhine-Yssel (MRY) population in The Netherlands [5] . German RDN bulls were also used in Belgium to improve the native Red-and-White breed after the merging of provincial herd books into a single national herdbook in 1970 [6] . RDN cows produce on average 7000 kg milk per lactation with approximately 3.5% protein and 4% fat.
Available data from the German Federal Office for Agriculture and Food indicate a gradual decline in herdbook number of RVA and RDN bulls and cows over the past two decades [7] . During the same period, however, the number of herdbook cows increased markedly for the high performing German Holstein breed. Based on effective population size (N e ), the German National Committee on Animal Genetic Resources (AnGR) classified RVA as a monitoring population (200 < N e ≤ 1000) and RDN as a conservation population (N e ≤ 200) [7] . The N e values for the categorisation were calculated based on herdbook number of male and female animals. This estimation procedure is generally useful in the absence of pedigree data. With the availability of pedigree information, pedigree analysis can offer a better understanding of the population structure and trends in inbreeding of these breeds. In dairy cattle, pedigree analysis has often been used in genetic diversity studies [8] , [9] , and in assessing the effect of inbreeding on differing phenotypic traits [10] [11] [12] [13] . Apart from a few studies [10] [13], most pedigree analyses involving dairy cattle were focused on classical in- [14] , [15] are well established. In a recent publication, Ballou's and Kalinowski's ancestral inbreeding coefficients were redefined [16] , and the authors introduced the ancestral history coefficient (A HC ) defined as the number that tells how many times during pedigree segregation (gene dropping) a randomly taken allele has been in IBD status.
In the current study, we performed both within and across breed diversity assessment by calculating classical inbreeding coefficients, ancestral inbreeding coefficients according to Ballou [15] and as suggested by Kalinowski [14] , and A HC for the RVA and RDN cattle breeds. Furthermore, we calculated the effective population size, effective number of founders and of ancestors, and investigated the contribution of key ancestors to inbreeding. RDN were therefore present in both datasets, and consequently, 12,709 animals were common to both pedigrees. The completeness of pedigree [17] was computed for all animals to ascertain the proportion of known ancestors per generation. Additionally, the number of equivalent complete generations known in the pedigree was computed as the sum over all known ancestors of the term (1/2) n , where n is the number of generations separating the individual from each known ancestor [18] .
Materials and Methods

Pedigree Information
Data Processing, Analysis and Softwares
Using SAS software (SAS 9.4, SAS Institute Cary, NC, USA), we recoded the animal identification numbers (Ids) in the raw pedigree file from 15 digits to 14 digits, the maximum number required by PEDIG software [19] . PEDIG software was used for the extraction, verification, sequential recoding of the pedigrees, and for the calculation of classical inbreeding coefficients for all animals. The raw pedigree data were also recoded sequentially using the R software package
QTLRel [20] , and in the process mismatches regarding the sex of animals were corrected. The GRAIN software package [16] was applied for the computation of Agricultural Sciences ancestral inbreeding coefficients. To describe possible disequilibrium of founder contribution to the reference population (RP, i.e. animals with both parents known), ENDOG v4.8 [21] was used to compute parameters derived from the probability of gene origin. Pedigree analysis was carried out separately for each breed, and for the combined data (RVA_RDN), the latter involving 264,727 different individuals. In all three cases, animals with no known parents in the pedigree data were considered as founders and assumed unrelated.
Classical and Ancestral Inbreeding
The classical individual inbreeding coefficient (F), defined as the probability of an individual having two identical alleles by descent, was calculated following [22] and averaged over all as well as inbred animals. We also calculated classical inbreeding coefficients together with ancestral inbreeding coefficient according to Ballou [15] and as suggested by Kalinowski [14] , and A HC [16] using a modified version of gene dropping [23] , [24] with 10 6 replications. Originally, Ballou's ancestral inbreeding coefficient (Fa_Bal) refers to the cumulative proportion of an individual's genome that has been previously exposed to inbreeding in its ancestors. Without changing the original meaning of the parameter, Fa_Bal was recently defined as the probability that any allele in an individual has been autozygous (IBD) in previous generations at least once [16] . Kalinowski's approach to ancestral inbreeding gives a narrower meaning of the parameter, and is defined as the probability that any allele in an individual is currently autozygous (IBD) and has been autozygous in previous generations at least once. The ancestral history coefficient is quite novel and by definition, tells how many times during pedigree segregation a randomly taken allele has been in IBD status [16] .
Effective Population Size
Defined as the number of individuals in an ideal population that would give rise to the same rate of inbreeding as observed in the actual breeding population [25] , e N was computed by first, calculating the rate of inbreeding as the regression coefficient (b) of the classical inbreeding coefficient (F) on the equivalent complete generation [21] . Secondly, e N values were obtained using Equation
Additionally, we applied the same estimation procedure in the calculation of what we termed as ancestral effective population size, which can be defined as the size of a population as reflected by its rate of ancestral inbreeding. In this regard, three values being N e _Bal, N e _Kal and N e _A HC were distinguishable.
Probability of Gene Origin Based Parameters
The effective number of founders ( e f ) and effective number of ancestors ( a f ) best describe the unbalanced representation of founder contributions in a refer-ence population. Parameter e f defines the number of equally contributing founders that would be expected to produce the same genetic diversity as in the population under study [26] . Except in situations where each founder contributes the same to a reference population, e f is always smaller than the actual number of founders. Calculation of e f follows Equation (2) below,
where k q is the probability that a gene randomly sampled in the population originates from founder k, and f is the total number of founders [27] . Parameter a f on the other hand refers to the minimum number of ancestors, not necessarily founders, explaining the complete genetic diversity of a population [27] and can be computed using Equation (3).
In Equation (3), j q represents the marginal genetic contribution of ancestor j, i.e. the genetic contribution made by an ancestor that is not explained by previously chosen ancestors, and a is the total number of ancestors considered. To calculate marginal genetic contributions, the first major ancestor was found based on its raw genetic contribution (i.e. q k = q j ) following an iterative procedure. Next, the genetic contribution of the n th major ancestor was calculated conditional on the genetic contribution of the n − 1 already chosen ancestors.
Reference [27] presents a detailed algorithm to compute marginal genetic contribution. Therefore, parameter a f accounts for the losses of genetic variability which result from the unbalanced use of reproductive individuals producing a bottleneck. Furthermore, the ratio of the two parameters (i.e. a e f f ) actually reflects the role of bottleneck in the development of the population. Values close to one indicate the absence of a bottleneck. 
Results and Discussion
Completeness of Pedigree
Different Inbreeding Coefficients
The numbers of inbred individuals were 59,000, 39,477 and 95,343 representing 64%, 21% and 36% for RVA, RDN and RVA_RDN, respectively. The percentage of inbred individuals was low for the RDN pedigree and this is due to the inability of the pedigree data to fully capture the relationships between all animal as discussed previously. (3.25%) [13] . More interesting are the changes in inbreeding over time for all individuals in each pedigree dataset. As shown in Figure 2, calculated for inbred animals in the current study were slightly lower than those found in previous studies; (0.61) [13] and (0.36 -0.40) [10] . The correlations between classical inbreeding coefficient and Fa_Kal were also slightly lower in our study than in the afore-mentioned studies. Between Fa_Bal and Fa_Kal, the correlation estimates in the current study were lower than those by [13] (0.89) but higher than those found by [10] (0.28 to 0.38). Based on their obtained weak correlation between Fa_Bal and Fa_Kal, the authors [10] argued that the two coefficients measure different population statistics. However, our results and those of the other authors [13] suggest some kind of relationship between the two coefficients. Differences in correlation estimates between the different inbreeding coefficients as reported by different authors are expected since populations differ in pedigree structure.
Effective Population Size
Estimates of effective population size are given in Table 3 . The effective population size computed based on the increase of classical inbreeding coefficient was higher for RDN (170) than for RVA (156). Note, that the RDN pedigree recorded Agricultural Sciences [31] , and between 50 and 100 animals [32] , below which the fitness of a population is expected to decrease.
Founder and Ancestor Contributions
The parameters derived from the probability of gene origin account for the unbalanced use of founders in a pedigree and unlike e N , are less affected by pedigree errors [27] . In Table 4 , the results of the parameters derived from the probability of gene origin are given. Additionally, statistics on the number of animals that formed the reference and base populations are given. The RDN Published e f values for other cattle breeds range from 40 to 649 animals [28] , [33] , [34] . These values depended on the actual number of founders making it interesting to interpret e f in relation to the actual number of founder rather In fact, they share common ancestors some of which can be traced back to as early as 1965. Most striking is the high genetic contribution of the Red-and-White
Holstein breed to the breed populations under study. For the Red-and-White dual purpose breed, it has been established that a pedigree of the breed has a maximum of 25% Red Holstein genes [4] . These revelations highlight crossbreeding schemes established to improve the performance of local cattle breeds some decades ago.
Conclusion
Analysing the Angler and Red-and-White dual-purpose local cattle pedigrees has shed some light on the population structure of these breeds in Germany. The current study demonstrates that Ballou's approach to estimate ancestral inbreeding and the novel ancestral history coefficients are similar approaches that produce comparable results. Besides, these coefficients provide avenue to calculate effective population size at the ancestral level. The effective population size of the breeds did not raise concern, however, due to incompleteness of the pedigree data used, consideration of the parameters derived from the probability of gene origin was extremely necessary in characterising the genetic diversity within the populations. For both breeds, the reference populations were raised from founder or ancestor groups, within which genetic contributions were typically unbalanced, male animals being favoured. Consequently, only a few animals explained the complete genetic diversity in the population under study. The
Red Holstein breed is a key progenitor of the current Angler and Red-and-White dual-purpose cattle populations in Germany. Based on the high genetic contribution of key ancestors belonging to other breeds, we recommend an extensive investigation of foreign blood percentage in both breeds.
